The well-known immologically active component of pneumococci, C-polysaccharide, is a teichoic acid that can be isolated from the cell walls and purified by Sephadex and ionexchange chromatography. Further details of the structure of C-teichoic acid were established by chemical degradation, including hydrolysis in acid and alkali, treatment with HF, periodate oxidation and methylation. In addition, the use of 13C n.m.r. has confirmed some of these structural features and resulted in a proposal for the order of substituents, the location of positions of substitution and the configuration of anomeric centres in the repeating unit of the polymer.
The well-known immologically active component of pneumococci, C-polysaccharide, is a teichoic acid that can be isolated from the cell walls and purified by Sephadex and ionexchange chromatography. Further details of the structure of C-teichoic acid were established by chemical degradation, including hydrolysis in acid and alkali, treatment with HF, periodate oxidation and methylation. In addition, the use of 13C n.m.r. has confirmed some of these structural features and resulted in a proposal for the order of substituents, the location of positions of substitution and the configuration of anomeric centres in the repeating unit of the polymer.
The C-teichoic acid (C-polysaccharide) of Streptococcus pneumoniae is receiving renewed attention in immunology. It is mitogenic for T lymphocytes; thus, as it is a widespread contaminant in most pneumococcal capsular polysaccharide preparations, its presence might affect the use of the preparations in studies on their effect on the immune response (J. H. Humphrey, personal communication). It possesses choline phosphate haptenic groups and binds both to idiotypic determinants on immunoglobulins produced against other molecules possessing choline phosphate residues, and to certain myeloma proteins with binding sites specific for choline phosphate (Brown & Crandall, 1976; Glaudemans et al., 1977) . C-reactive protein, an acute-phase protein that is found in human serum during several pathological conditions including tissue injury, carcinoma and the febrile stages of infections with various micro-organisms, is precipitated by C-teichoic acid. This again probably involves the choline phosphate determinant and complement is consumed in vivo (Kaplan & Volanakis, 1974 ). An homology has been noted between human and rabbit C-reactive proteins, immunoglobulins and histocompatibility antigens by amino acid sequencing (Osmand et al., 1977) .
The physiological importance ofcholine phosphate residues in the cell wall of the pneumococcus is also noteworthy and well documented. The biosynthetic replacement of choline with analogues such as ethanolamine affects the organism in a number of ways; the cells are unable to separate, genetic transformation is inhibited, and the organism becomes resistant to autolysis, phage infection and the lytic action of penicillin and other cell-wall antibiotics. These altered properties are probably the results of defects in the autolytic system of the organism (Tomasz et al., 1975) . A knowledge of the structure of C-teichoic acid is therefore important in understanding the nature of its association with immunoglobulin, myeloma, C-reactive protein and also the autolytic enzyme system of the pneumococcus.
Since the first description of a species-specific somatic antigen (fraction 'C') of the pneumococcus by Tillett & Francis (1930) several structural studies have been made, notably by Goebel et al. (1943) and Gotschlich & Liu (1967) . Brundish & Baddiley (1968) first showed the polymer to be a teichoic acid comprising a repeating unit containing ribitol phosphate, N-acetylgalactosamine, N-acetyldiaminotrideoxyhexose, choline phosphate and glucose residues. More recently, Watson & Baddiley (1974) studied the action of HNO2 on the polymer and proposed a partial structure. In the present paper we describe an improved method of preparation and further work on the structure of C-teichoic acid resulting in the clarification of most of the structural features of the molecule.
Experimental Materials
Streptococcus pneumoniae A.T.C.C. 12213 was grown in 15-litre batches as previously described (Poxton & Leak, 1977) . HF (60%, w/w) was purchased from Hopkin and Williams, Chadwell Heath, Essex, U.K. The glucose oxidase reagents were from Sigma Chemical Co., London KT2 7BH, U.K., alkaline phosphomonoesterase was from Boehringer Corp., London BN7 1LG, U.K., and KB3H4 from The Radiochemical Centre, Amersham, Bucks., U.K. All other chemicals were purchased from local suppliers.
Analytical methods
Phosphate was determined by the method of Chen et al. (1956) , choline by the method of Appleton et al. (1953) , glucose by the method of Dubois et al. (1956) and also by the glucose oxidase reagents, hexosamine by the method of Strominger et al. (1959) and amino groups by the ninhydrin method (Rosen, 1957) . Amino sugar analyses were carried out on a JEOL amino acid analyser.
Methylation analysis, by preparing partially methylated alditol acetates by the method of Jansson et al. (1976) Compounds were detected by the following methods: reducing sugars by the alkaline silver nitrate reagents (Trevelyan et al., 1950), a-glycols by the periodate/Schiff spray reagents (Baddiley et al., 1956) , amino compounds by ninhydrin, phosphate esters by the acid molybdate spray (Hanes & Isherwood, 1949) and choline and choline phosphate by the Dragendorf spray reagent (Bregoff et al., 1953 Molecular proportions of the constituents were determined with both hydrolysed and unhydrolysed material. After hydrolysis (2M-HCI at 100'C for 3 h), the proportions of phosphorus/hexosamine/glucose/ choline/amino groups were 2:1.8:0.2 (by glucose oxidase) :0.66:2.6. Unhydrolysed material had a molar ratio phosphorus/hexose (phenol/H2SO4 method) of 2:0.2. A more accurate value of phosphorus/galactosamine was obtained from the amino acid analyser. C-teichoic acid (5mg) was dissolved in 1.2ml of water; 0.5ml samples were adjusted to a final concentration of 4M-HCl and hydrolysed in vacuo for 6 and 24h at 100°C. After removing the HCI over NaOH, samples were examined in the analyser. Total galactosamine was calculated by summation of the free galactosamine and the galactosamine phosphate. The remaining 0.2ml of sample was used for phosphorus determination. Molar ratios of phosphorus/galactosamine were 2:0.87 after 6h and 2:0.95 after 24h. This showed that the true ratio of phosphorus/galactosamine was 2: 1 and the anomaly in the hexosamine value was probably due to the diaminohexose, which is a known constituent, being decomposed to a pyrrole that reacts with hexosamine reagents. The presence of three amino groups/two atoms of phosphorus agrees with this conclusion.
Alkaline hydrolysis C-teichoic acid (20mg) was dissolved in 4ml of 1 M-NaOH, sealed in a plastic tube and hydrolysed for 3h at 100°C, cooled, desalted through 20ml of Dowex 50 (NH4+ form) resin, evaporated to dryness and redissolved in 2ml of water. Less than 5 % of the total phosphorus was present as Pi. A portion (1 ml) was treated for 16h at 37°C under toluene with alkaline phosphomonoesterase (10,ug of Boehringer suspension) at pH9 [adjusted with (NH4)2CO3]. In several experiments, 50-60% of, the phosphorus was converted into Pi. Thus about half of the phosphorus was phosphomonoester after alkaline hydrolysis.
The product of alkaline hydrolysis was hydrolysed in acid (2M-HCI, 3h at 100°C) before and after the phosphatase treatment. With solvents A and B, it was found that before phosphatase treatment ribitol, anhydroribitol, galactosamine, ribitol phosphates and galactosamine phosphate were present. After phosphatase treatment, all but ribitol phosphates were present and the amount of ribitol appeared to have increased. This suggests that the ribitol is attached to a phosphomonoester and galactosamine to a diester after the alkaline hydrolysis.
If (1966) ; 12mg of material was used and the final purification was by dialysis in several changes of water for 24h. The resultant dinitrophenylated material (Dnp-C), and C-teichoic acid itself, were examined with C-antiserum on a gel-diffusion plate; a sharp yellow precipitin band was obtained continuous with the band given by the C-teichoic acid.
The number of dinitrophenyl groups was determined at A360 and compared with a standard curve derived from e-dinitrophenyl-lysine. A molar ratio of phosphorus/dinitrophenyl groups of 2:0.76 was found, i.e. about one free amino group to two phosphates. Acid hydrolysis (4M-HCI, 4h at 100°C) of Dnp-C (2mg) and electrophoresis in buffer D for 30min at 55V cm-1 gave a single yellow product that strained with the ninhydrin reagent and migrated about twice as far as dinitrophenyl-lysine. This was similar to the properties observed by Distler et al. (1966) for the Dnp-diaminohexose.
Degradation with HF HF (60%, w/w) converts phosphomono-and phosphodi-esters into Pi and phosphorofluoridates without significant hydrolysis of glycosidic linkages (Lipkin et al., 1969) . To protect the sensitive diaminohexose, the C-teichoic acid (20mg) was dinitrophenylated as described above and a dry sample in a plastic tube was treated with I ml of 60 % (w/w) HF at 0°C for 16h. After neutralization with 60ml of Dowex 2 (CO23-form) resin by the method of Anderson et al. (1977) Order ofsubstituents in the repeating structure The present results, together with those obtained before (Brundish & Baddiley, 1968; Watson & Baddiley, 1974 ) enable a partial structure to be derived for the main repeating unit, i.e.:
-[Diaminotrideoxyhexosyl N-acetylgalactosaminyl -* ribitol phosphatelkcholine phosphate The diaminosugar and ribitol were known to be in the polymer chain because of their respective destruction by HNO2 (Watson & Baddiley, 1974) and by periodate (Brundish & Baddiley, 1968) , causing simultaneous fission of the chain. Moreover, Nacetylgalactosaminylribitol was characterized as a degradation product (Watson & Baddiley, 1974) . The isolation in the present work of a-disaccharide containing the diaminosugar attached to a reducing galactosamine confirms the above sequence.
Although the study by Watson & Baddiley (1974) and the present work demonstrate the presence of glucosyl substituents in the polymer, the amount is insufficient for one glucose to each repeating unit. It is likely then that either only a few of the repeating units are glucosylated or that the glucose is localized at the end of the chain. It is not attached through a phosphodiester at its 1-position because it remains attached to the unit obtained by HF treatment, and reduction of this with B3H4-gives no labelled glucitol residue. Watson & Baddiley (1974) suggested that the glucosyl substituent might be associated with phosphate, since a product tentatively identified as glucitol phosphate had been detected, but it now seems likely that this identification was incorrect. Although the location of glucose is still inadequately established, the methylation and n.m.r. studies described below indicate the presence of a glucosylglucosyl (fi-isomaltosyl) substituent.
Periodate oxidation Substitution of the galactosamine residue was examined by the action of periodate. Aqueous solutions (1 ml) of polymer and the Dnp/HF product (1mg of each) were mixed with 5mM-NaIO4 (1 ml) in 0.1 M-acetate buffer at pH4.5. After 16h at room temperature under toluene, excess of periodate was destroyed by adding ethylene glycol (5/u), solvent removed in vacuo and the residue hydrolysed in 4M-HCI for 6h at 100°C. After removal of acid over NaOH in vacuo galactosamine was determined with the autoanalyser. In neither experiment was a decrease in aminosugar detected after the periodate 1978 treatment, whereas galactosamine itself was completely destroyed under similar conditions. It follows that the diaminohexose must be attached to the 3-or 4-position on the N-acetylgalactosamine residue. If it had occupied the 6-position then the removal of the choline phosphate residue by HF from the 3-or 4-position would have created an oxidizable glycol structure.
There is strongjustification for the assumption that the phosphodiester substituent on ribitol must occupy the D-5-position. All of the many ribitol teichoic acids examined are derivatives of D-ribitol 5-phosphate that, in the form of CDP-ribitol, is the biosynthetic precursor of these compounds. It follows that, as the ribitol residues in the polymer are destroyed by periodate, causing chain fission, the N-acetylgalactosaminyl substituents should occupy the D-1-or -2-positions on ribitol.
Preparation ofN-acetyl/HFproduct
For the following methylation and '3C-n.m.r. studies the HF product was prepared from fully N-acetylated C-teichoic acid. This was preferable to using dinitrophenylated polymer.
The C-teichoic acid (120mg) was dissolved in 10ml of water and 2ml of saturated NaHCO3 solution was added. This was cooled in ice and 2ml of fresh ice-cold aq. 5 % (v/v) acetic anhydride was added. Incubation was for 25 min at room temperature and then excess of acetic anhydride was destroyed by heating to 100°C for 3min. The N-acetylated polymer was first desalted through a 20ml column of Dowex 50 (NH4+ form) resin, decreased in volume, then further purified by passage down a column (60cm x 1.5 cm) of Sephadex G-25 and finally freeze-dried in a plastic tube. A yield of 114mg was obtained. This was treated with 60 % (w/w) HF as for the Dnp-polymer. After HF treatment, the products were again Nacetylated as above. The oligosaccharide products were fractionated on a column (60cmx1-.5cm) of Sephadex G-10 and the highest-molecular-weight fraction was freeze-dried. A yield of 25mg of pure N-acetylated HF product was obtained, which contained ribitol, N-acetylgalactosamine, N-acetyldiaminohexose and glucose.
Methylation studies
The position of substitution on ribitol and the nature of the glucosyl substituents were studied by methylation followed by hydrolysis, reduction, acetylation and examination by g.l.c.-mass spectrometry. The method of Hakomori (1964) as developed by Jansson et al. (1976) was used with minor modifications. The N-acetyl/HF product (4mg) from Cteichoic acid was dissolved by ultrasonic treatment in dry dimethyl sulphoxide (2ml) under N2. PrepVol. 175 aration of the partly methylated alditol acetates was as described (Bjorndal et al., 1967; Jansson et al., 1976) , except that hydrolysis was with 2M-HCI for 3 h at 100°C, followed by removal of acid over NaOH in vacuo. The partly methylated alditol acetates of neutral sugars were examined on a column of SP1000 resin, the results being given in Table 1 . Products (C)-(F) were identified by comparing their mass spectra with the published data on authentic standards (Jansson et al. 1976 ). Product (A) had a similar retention time (approx. 7min) to the isomeric 4-0-acetyl-1,2,3,5-tetra-0-methylribitol and ions of mle 71, 89, 101, 117, 145 and 161 were identified. These were formed as follows: The mass spectrum was significantly different from that of the above-mentioned isomer. Product (B) had a slightly longer retention time than did authentic 2,3,5-tri-0-methyl-1,4-anhydroribitol, and both the molecular ion (mle 204) and the ion from the ring (positions C-1 to C-4) with mle 131 were identified. It follows that in the N-acetyl/HF product ribitol is monosubstituted at a terminal position, and consequently the N-acetylgalactosaminyl substituent must occupy that position.
The structure of the glucitol derivatives arising from the glucosyl substituents was also established. 1,5-Di-O-acetyl-2,3,4,6-tetra-O-methylglucitol must represent a glucose residue at a non-reducing terminus, and 1,5,6-tri-O-acetyl-2,3,4-tri-0-methylglucitol represents a glucose substituted at its 1-and 6-positions. These results agree with the presence of a glucosyl(1 --6)glucosyl substituent in the polymer and this is supported by the n.m.r. data.
Although partially methylated derivatives from the amino sugars might have been expected, in fact g.l.c.-mass spectrometry studies of these proved unsatisfactory. They are known to be difficult to investigate by this method and a very complex profile was obtained, probably because of their poor volatility and complex fragmentation in the mass spectrometer arising from their thermal instability.
Methylation of C-teichoic acid itself seemed less Table 1 ; these suggest that fission of phosphodiester linkages might well have occurred, giving anhydroribitol derivatives. However, even in this case the glucitol derivatives were easily detected, suggesting the presence of the glucosyl-(1 --6)glucosyl substituent in the polymer.
3C n.m.r. spectroscopy
Proton-decoupled 13C n.m.r. spectra of C-teichoic acid and of its N-acetyl/HF product were determined in 2H20 solution. Fig. 1 shows the spectrum (50.3 MHz) of C-teichoic acid and Table 2 gives the calculated and observed chemical shifts relative to internal tetramethylsilane together with the assignments for both the polymer and the N-acetyl/HF product. Chemical-shift values were calculated from the reported values of the individual units by allowing increments for the formation of glycosidic and phosphodiester bonds (see Table 3 ). The spectrum of the polymer, although not fully interpreted (owing in part to the lack of data for 2-acetamido-4-amino-2,4,6-trideoxyhexose), nevertheless provided important structural information, including positions of glycosylation, anomeric configurations and confirmation of the nature of the amino functions.
Two separate signals were observed at low field (approx. 175 p.p.m.) and high field (approx. 23 p.p.m.) portions of the spectrum of the polymer, readily attributable to the carbonyl and methyl carbons of two acetamido functions. In addition, three signals characteristic of the -C-N group were observed at 49.3, 50.7 and 52.0p.p.m., that at 49.3p.p.m. being assigned to C-4 of the diaminotrideoxyhexose on the basis of the difference observed for this region in the spectrum of the repeating unit in which the amino 1978 (Hamer & Perlin, 1976;  R. Lifely, E. Tarelli & J. Baddiley, unpublished work) The remaining signal in this region was assigned to the anomeric carbon of the diaminotrideoxyhexose, the chemical shift (94.8p.p.m.) supporting the aconfiguration.
Resonances caused by the choline phosphate substituent could be assigned to those observed at 55.2, 55.9, 60.8 and 68.0p.p.m., in good agreement with the calculated values, the signals in the region of 55p.p.m. being assigned to the trimethylammonium group, as has been proposed From the chemical evidence already presented, the choline phosphate could occupy either position C-3 or C-6 of N-acetylgalactosamine. It is probable, however, that this group is substituted at position C-6 ofthe amino sugar since a resonance was observed at 65.7p.p.m. in the spectrum of the polymer, which is in accord with the chemical shift expected for a phosphorylated primary carbon of a hexose (Bundle et al., 1974) . Further, a signal at this value was absent from the spectrum of the N-acetyl/HF product that, in addition, gave a resonance of increased relative intensity at 62.2p.p.m. (unsubstituted hydroxymethyl carbon), as would be expected after removal of the phosphodiester.
The remaining feature is the location of the fiisomaltose residue. The low glucose content of the polymer suggests that the residue does not contribute to the main repeating structure, but might be located at one end of the chain. The substitution of isomaltose at a secondary position on ribitol is unlikely for reasons similar to those proposed above in connection with the N-acetylgalactosaminylribitol linkage. MoreVol. 175 over, the methylation study indicates that the ribitol in the N-acetyl/HF product is only monosubstituted. A more likely possibility is that position C-3 of the chain terminal diaminotrideoxyhexose is glycosylated with 8-isomaltose, although in the absence of 13C chemical-shift data on this residue no more than a tentative suggestion can be made. Nevertheless, if a glycosidic linkage of this nature were present, then the chemical shift of the carbon involved in the linkage would be expected to be sufficiently low (owing to the shielding effect of the adjacent amino function) as to be within the range of chemical shifts observed. A further possibility is that position C-6 of those galactosamine residues that do not have a choline phosphate substituent is substituted by an isomaltose residue. The present data do not enable us to distinguish between these possibilities.
The spectrum of the N-acetyl/HF product (Table  2 ) agrees with the structure proposed for the polymer; the differences are accounted for by the absence of phosphate substituents in the former. It is noteworthy that both give signals corresponding to four anomeric centres in glycosyl substituents; these are the two amino sugars and two glucose residues.
Disregarding the isomaltose residue, and assuming that the stereochemistry of the ribitol phosphate is the same as that in CDP-ribitol, the structure of C-teichoic acid is given in Fig. 2 . The chain length of the polymer prepared by us has been examined by measuring the choline phosphate-binding sites with a specific antiserum (Glaudemans et al., 1977) . It was concluded that there were 4-5 binding sites/molecule, and as about 66% of the N-acetylgalactosamine residues in the polymer are substituted with choline phosphate the chain would comprise about 8 repeating units. From the amount of glucose in the polymer a chain of this length would possess about 1 isomaltose residue. It is possible, however, that in the wall itself the teichoic acid might be larger, as the preparations examined were extracted from walls with trichloroacetic acid and this might well have caused a decrease in chain length through hydrolysis.
There is an apparent anomaly in the molar ratio of glucose/phosphorus, the published values being 0.36:2 (Brundish & Baddiley, 1967) , 0.74:2 (Brundish & Baddiley, 1968) 
